Summary. The value of Poisson distribution theory in describing and predicting the nature of sperm\p=n-\egg interaction in vitro has been investigated using an interspecific i n\ x=r eq-\ vitro fertilization system, incorporating zona-free hamster oocytes and human spermatozoa. The frequency distribution of polyspermic oocyte penetrations in 72 experiments exhibited good agreement with the Poisson distribution at all levels of fertilization, indicating that each oocyte must be of equal penetrability and that there can be no block to polyspermy in this interspecific system. Poisson distribution theory also accurately described the relationship between oocyte penetration and sperm motility in 50 out of 54 separate experiments spread across 10 serial dilution curves. For each dilution series the shape of the fitted curve was fixed but its location along the x\ x=r eq-\ axis varied from donor to donor. The fixed nature of the relationship between sperm motility and egg penetration enables the results of such in-vitro fertilization experiments to be corrected for the number of motile spermatozoa in the incubation media. On the basis of these findings a protocol is described for assessing the results of the zona-free hamster oocyte penetration assay, which involves analysis of the degree of polyspermy followed by the application of Poisson distribution theory to correct the results to a standard concentration of motile spermatozoa. Changes in the penetrating ability of human spermatozoa after vasectomy and characterization of the degree of inter-ejaculate variation in penetrating potential are two clinical examples of such analyses given in the text. The statistical methods described in this paper should also be of general relevance to the study of fertilization mechanisms, in providing a rationale by which to analyse the quantitative nature of sperm\p=n-\egg interaction in vitro.
Introduction
The assessment of human sperm function has recently been facilitated by the development of an interspecific in-vitro fertilization system, involving the fusion of human spermatozoa with the vitelline membrane of zona-free hamster oocytes (Yanagimachi, Yanagimachi & Rogers, 1976) . The ability of human spermatozoa to penetrate hamster oocytes has been shown to vary according to the fertility status of the sperm donor, and significantly lower levels of fertilization are encountered in conditions such as idiopathic infertility, oligozoospermia and varicocoele, than in the normal fertile population (Rogers et al, 1979 ; Rogers, McCarville, Mygatt, Soderdahk & Hale, 1980; Stenchever et al, 1982; Aitken et al, 1982a, b, c) . Correlations have also been observed between hamster egg penetration and the duration of infertility (Cohen, Weber, Van der Vijver & Zeilmaker, 1982) , while the prognostic value of this system has been confirmed in a prospective study of patients exhibiting infertility of unknown aetiology (Aitken, Best, Warner & Templeton, 1984) .
Despite the putative importance of this in-vitro fertilization system, uncertainty has arisen with respect to the interpretation of the procedure. In particular, a rationale has not yet been developed for incorporating factors such as the degree of polyspermy or the modulating influence of sperm motility (Binor, Sokoloski & Wolf, 1980; Aitken et al, 1982a; Aitken, Liu, Best & Richardson, 1983a) into the expression of the results. Underlying these deficiencies is the absence of any critical analyses of the quantitative nature of sperm-egg interaction during in-vitro fertilization. In this study we have examined the nature of this interaction and its accordance with Poisson distribution theory. The results are of general significance in providing a logical foundation on which to base the analysis of in-vitro experiments concerning the mechanisms of sperm-egg interaction during fertilization.
Materials and Methods

Semen preparation and analysis
Semen samples were obtained after abstinence for at least 48 h by masturbation into sterile plastic containers. After allowing at least 30 min for liquefaction to occur, a conventional semen analysis was carried out on each sample to determine sperm motility, morphology, total count and concentration, using the procedures laid down by the World Health Organization (1980) . Unless otherwise stated all donors were normal healthy males exhibiting a normal semen profile ( > 50% motility, > 40% normal morphology, > 20 106/ml). In a group of 12 normal fertile males, semen specimens were obtained during the month before and within 12 days after, a vasectomy operation (Richardson, Aitken & Loudon, 1984) .
The ability of the spermatozoa to penetrate zona-free hamster oocytes was assessed at a fixed concentration of 10 106 cells/ml using the protocol described by Aitken, Wang, Liu, Best & Richardson (1983c) . Assessments of sperm motility were carried out at 250 with the aid of an eye¬ piece graticule. These determinations were performed at the end of a 3-h period of capacitation in hyperosmotic medium immediately before the introduction of the zona-free hamster oocytes.
The Poisson model
The basic theoretical model proposed and tested in this paper is that the outcome of the hamster egg penetration test in terms of the number and distribution of oocyte penetrations is the result of random variation in the number and distribution of sperm-egg collisions.
The first tenet of this model is that the spermatozoa are randomly distributed throughout the incubation medium and hence the probability of a particular motile spermatozoon occurring in a given volume of the sample does not depend on how many other spermatozoa are in that volume. The existence of such a randomly mixed distribution of particles in the medium leads to the prediction that the number of spermatozoa in any specified volume, y, of the sample should follow a (Neider & Wedderburn, 1972) can be applied. This allows the data to be fitted by the statistical package GLIM using a binomial error, a complementary log-log link and an offset of unity for log (x) (GLIM, 1978; Wetherill, 1981 for repeat ejaculates from 12 donors (an average of 3-2 ejaculates per donor with a range of 2-6 ejaculates) and for 12 patients sampled before and within 12 days of vasectomy. There was a significant difference between the dilution series experiments and the variation observed for successive ejaculates (Wilcoxon rank sum test, < 0-01) indicating that, while the degree of intraassay variation is low, the penetrating potential of human spermatozoa does exhibit significant interejaculate variation, which is independent of any differences in motility. When Poisson distribution theory was used to correct the results of the vasectomy series for the large differences in post-capacitation sperm motility observed before (41 + 0-3 IO6 motile spermatozoa/ml) and after (1-8 + 0-4 IO6 motile spermatozoa/ml) vas ligation, the results appeared remarkably homogeneous (Text-fig. 4 ). Hence in 66-7% of tests the post-vasectomy decline in hamster oocyte penetration rates (from a pre-ligation value of 420 + 8-4% to a post-operative score of 11-3 + 4-9%) could be accounted for by the concomitant decline in sperm motility.
Discussion
This study has indicated the importance of Poisson distribution theory in describing the quantitative nature of sperm-egg interaction during fertilization in vitro. The frequencydistribution of egg penetrations, the relationship between the proportion of oocytes penetrated and the degree of polyspermy and the influence of sperm motility on fertilization rates have all been found to conform to the Poisson distribution. In specific terms of the zona-free hamster egg penetration test, the existence and predictive power of such theoretical relationships will be of value in standardizing the results of the assay for differences in sperm motility and in providing a means by which the procedure might be quality controlled.
In the past, attempts have been made to account for the modulating influence of motility on the outcome of this interspecific system by fixing the concentration of motile spermatozoa in the incubation medium to 0-3-0-4 107/ml, irrespective of total sperm numbers. Hence in conditions such as asthenozoospermia, oligozoospermia or varicocoele, in which the proportion of motile spermatozoa is normally < 40%, the desired sperm concentration has only been attained at the cost of large numbers of immotile cells and cellular debris in the incubation medium. Adjustment of motile sperm numbers at the beginning of an experiment also suffers from the disadvantage that it does not provide any means of accounting for changes in sperm motility which occur during the course of an incubation which in some conditions may be significant (Aitken et al, 1982b In the light of these considerations, it is recommended that the zona-free hamster egg penetration test is carried out at a fixed total sperm concentration of 10 106/ml (Rogers et al, 1979; Aitken et al, 1982a, b, c (1983) and is probably due to the influence of modulating factors such as stress, infection and, most importantly, ejaculation frequency on the penetrating potential of human spermatozoa. This inter-ejaculate variation in semen quality is a real phenomenon which must be considered when interpreting in-vitro fertilization data in a diagnostic context. The most practical solution to this problem is to recommend that the analysis is repeated on any sample scoring <10% penetration during the initial assessment.
The ability of Poisson distribution theory to dissect the impact of sperm motility on the outcome of in-vitro fertilization experiments should be of value in both clinical and scientific studies of sperm function. Clinically, we have demonstrated that motility and the potential for fertilization are independent properties exhibited by spermatozoa, which may be differentially affected in cases of male infertility (Aitken, Ross & Lees, 1983b; Aitken et al, 1983d) . As a result, Poisson analysis should find application in a variety of clinical conditions associated with asthenozoospermia, such as oligozoospermia or varicocoele, in permitting analysis of the penetrating ability of the spermatozoa in isolation from the defects in motility. Similarly, such analyses will permit a more effective interpretation of in-vitro fertilization data obtained after treatments which disrupt sperm motility, including cryostorage, ingestion of potential contraceptive agents such as gossypol (Aitken et al, 1983a) and sulphasalazine (Toovey, Hudson, Hendry & Levi, 1981) , or in-vitro exposure to pharmacological reagents such as calmodulin inhibitors and adrenergic antagonists.
